energy and at point of use (eg, through home energy efficiency (HEE) measures). The UK government has pledged to reduce GHG emissions by 80% (from the 1990 baseline) by 2050. 7 The domestic housing stock is one of the areas targeted, with HEE measures incentivized through schemes such as the Energy Company Obligation. A large body of evidence has been amassed in recent years on how such measures might impact on the health of building occupants. Hamilton et al 8 have shown that such measures (if installed according to building regulations) can help reduce winter cold and indoor pollutant exposure resulting in a net gain in quality-adjusted life years. However, HEE measures installed without adequate purpose provided ventilation may result in adverse health impacts due to increased exposure to internally produced pollutants. 9 As with other internally produced pollutants, the air tightening of buildings may inhibit radon from leaving the indoor environment or increase the stack effect, causing it to accumulate. 10 A recent modeling study indicated that increasing the airtightness of English homes (without providing compensatory ventilation) would increase indoor radon concentrations by around 60%, resulting in an annual burden of 4700 life years lost and 278 deaths (at peak) per year. 11 While earlier empirical studies have investigated the impact of dwelling characteristics on indoor radon concentration measurements, they relied on smaller samples. 12 The interaction between indoor radon levels and the presence of energy efficiency attributes of dwellings has been studied previously, with Gunby et al using data from a national radon survey. 13, 14 Associations were identified between indoor radon levels and the presence of double glazing and downdraft proofing using data from around 2000 dwellings with property information provided by the occupiers.
This paper uses a substantially larger dataset of greater coverage and over a longer timescale than previous studies. This allows the relationship between various dwelling characteristics such as HEE interventions and indoor radon concentrations to be empirically derived for a UK setting.
| ME THODS
This study involves the analysis of radon measurements in approximately 470 000 UK homes held by PHE, matched to dwelling characteristics recorded in the Homes Energy Efficiency Database (HEED).
There were two main components to this analysis:
• Dataset matching and processing.
• Statistical analysis and interpretation.
The aim of this study is to investigate any relationships that may exist between dwelling characteristics and indoor radon concentrations with a particular focus on the impact of energy efficiency interventions which modify the building envelope. The addition of glazing, loft and wall insulation, and downdraft proofing are considered. In some of the above cases, there is a deliberate bias toward obtaining measurements from areas of higher radon risk since that is where most of the higher individual exposures and risks are incurred and where intervention to reduce radon is most likely to be required. The dataset therefore has a known, deliberate bias toward high radon areas but includes over 150 000 radon measurements made in areas of lowest radon risk (outside "radon-affected areas").
| Datasets, matching and processing

| Indoor radon measurements
The measurement procedure is reported in greater detail elsewhere. 15 Briefly, measurements are usually made by two passive radon detectors (shown in Figure 1 ), placed by a member of the household (in accordance with instructions) in both the living room and an occupied bedroom. The detectors are left in place for three
Practical Implications
• There is a need to ensure that appropriate measures are put in place to assess and address possible increases in radon exposure post-intervention.
• While energy efficiency measures are likely to provide a net benefit in terms of energy savings and warmer homes, care should to be taken to mitigate against reductions in air quality when installing interventions that increase the airtightness of homes.
• Increases in integrated population exposure to radon will lead to a rise in radon-related lung cancer rates.
• Energy efficiency interventions in radon-affected areas should be coupled with radon risk assessment strategies and monitoring to check that radon levels are not negatively impacted.
• 
| The homes energy efficiency database
The version of HEED used in this study comprises information on ap- There are also substantial amounts of data missing in HEED. 19 Information within the database used was compiled by the Energy Savings Trust and contains data collected between 1993 and 2016 from multiple sources; installers, industry accreditation bodies, energy suppliers, government-funded programs, local authorities, and home surveys. 20 Homes which have had multiple HEE interventions have multiple entries within HEED, meaning that energy efficiency retrofits can be tracked over time.
| Data matching and processing
Radon measurements were corrected for average outdoor radon concentrations by subtracting 4 Bq/m 3 from all indoor measurements. Negative measurements were removed from any subsequent analysis. The radon and HEED datasets were matched using the postal address of the property. After the matching process, the address of the property was removed and anonymized to leave postcode district (the first four characters). The match resulted in a sample size of 470 689 homes. For homes with multiple radon measurements (some 20 000 homes), the match was made to the earliest measurement chronologically. This allowed the analysis to focus on HEE, since a second radon measurement typically follows radon mitigation measures applied to the home. The dwelling postcode district was also used to match to urban/rural classification (rucomb)
using Office for National Statistics data. 21 Processing of the matched radon-HEED data was performed, such that only HEE interventions made prior to a radon measurement were classified as retrofit data. Given that the radon measurement program began 13 years before HEED was initiated, only 15.6%
(73 550) of the radon measurements follow any HEE intervention.
Of these, the radon measurement follows the most recent HEED entry by an average of 3.8 years (1392.5 days). Figure 2 presents a histogram of the time in years after which the radon measurement followed a HEE retrofit. For cases where a radon measurement precedes the most recent HEE intervention, time-invariant information (such as dwelling age and type) is used. However, information concerning HEE (such as wall insulation type) is treated as "missing data."
| Statistical analysis
Radon concentrations in homes are generally observed to be lognormally distributed. 22 Geometric means and standard deviations of indoor radon concentration have been calculated within groups 1. Those considered invariant with time:
• Dwelling type.
• Dwelling age.
• Wall type.
• Number of bedrooms.
• Tenure.
• Government Office Region (GOR).
• Urban/rural class.
HEE measures:
• Wall insulation type.
• Presence of downdraft stripping/proofing.
• Loft insulation level.
• Glazing type.
• Heating system type.
This paper focuses on HEE measures that modify the building envelope (fabric interventions) with results regarding heating system shown in Appendix S1. The data allowed for analysis of the specific HEE measures (eg, the thickness of loft insulation) and also the binary condition of whether a HEE measure had been installed or not, and their combination, and association with average radon levels.
| RE SULTS
Radon measured in the full sample (470 689 homes) is observed to be log-normally distributed with a geometric mean of 46.6 Bq/m 3 and an arithmetic mean of 96.0 Bq/m 3 after subtracting for outdoor radon. Figure 3 shows the distribution of radon measurements for the full dataset.
| Radon and dwelling characteristics
The geometric means and standard deviations are presented as a function of dwelling characteristics in Table 1 In terms of dwelling tenure, homes in the "other" category have the highest radon levels, although this is only a relatively small sample (~700 homes), which includes multi-ownership properties such as care homes, second homes, and holiday rentals. Council and social housing properties are observed to have lower radon levels 23 -this may be because this tenure type is composed of a higher proportion of flats with no contact with the ground. Number of bedrooms appears to have little influence on radon levels. Radon concentrations by geographic location (region) and urban/rural class are shown in Appendix S2.
| Radon and energy efficiency measures in homes
The full dataset was grouped by various HEE measures installed within homes (inclusive of all other interventions). The results presented in Table 2 indicate that homes that have undergone HEE showing radon measurements by heating system type are presented in Appendix S1.
| Independent and combinations of energy efficiency measures
The results presented in Section 3.2 include homes inclusive of other energy efficiency interventions. In order to investigate the influence of individual and specific combinations of HEE measures, the data have been grouped for all combinations of intervention. To improve sample sizes, interventions are now classed as a binary variable (either present or not). Table 3 presents the geometric means and standard deviations for independent HEE interventions. The results here support findings presented in the previous section.
Double glazing (Glz) is the intervention that has the single greatest influence on indoor radon, followed by the addition of loft (LI) and wall insulation (WI). Downdraft proofing (DP) appears to have less of an association with indoor radon and may in fact be associated with reduced levels in some cases, although this sample suffers from low statistics.
Various combinations of HEE intervention are shown in Table 4 , and histograms showing normalized distributions of ln(radon measurement) for a variety of HEE measures are shown in Figure 4 .
The results seem to suggest that interventions have a cumulative effect on radon levels, since a combination of all HEE interventions (DP + Glz + LI + WI), yield the highest geometric mean. Previous studies have shown that fabric retrofits can reduce air infiltration rates. [25] [26] [27] Downdraft proofing, loft, and wall insulation have been observed to reduce air infiltration rates by anywhere between 24% and 71%. 27 These studies all had small sample sizes, and to date, there has not been any large-scale indoor air quality monitoring campaign and further research is required in this important subject area.
Our findings are consistent with those published by Gunby et al 13 and indicate that dwellings with certain characteristics are more susceptible to higher radon levels. We find that bungalows were observed to have the highest average indoor radon measurements, while flats had the lowest. One might expect bungalows to have higher concentrations since both radon detectors will have been in ground floor rooms, where radon levels tend to be higher compared with the typical upstairs location of the bedroom in most houses. Note: "Missing data" refer to there being no entry in Home Energy Efficiency Database (HEED) or the radon measurement being pre-HEED intervention, whereas "unknown" was flagged up this way by the building surveyor/data entry professional.
TA B L E 1 (Continued)
foundations which means that radon is able to enter the home more easily from the underlying soil.
Our results are in general agreement with findings in previous work which used a smaller dataset (N ~ 40 000) and showed that homes with double glazing have radon concentrations 66%
higher than those without, 12 similar studies exist in France and Switzerland. 28, 29 Our findings add weight to previous modeling work which showed that the air tightening of the English housing stock could raise radon levels by an average of 57%. 11 Milner et al went on to show that this increase could result in an annual burden of 4700 life years lost and 278 deaths (at peak). A greater level of public understanding surrounding the risks associated with radon exposure is required. 1, 30, 31 Homeowners and HEE installers in radon-affected areas 32 should be aware of these risks and consider radon risk assessment/monitoring when performing a retrofit.
Fabric retrofits are intended to increase the thermal resistance of the building envelope; however, they also reduce ventilation rates allowing radon and other internally produced pollutants to accumulate. The resulting reduced airflow rates due to insulation may lead to maintaining a negative pressure gradient between indoors and outdoors which draws in more air through the floor. while other types of downdraft proofing may be detrimental.
HEED does not provide data on the types of downdraft proofing that were installed in homes which makes drawing any firm conclusions difficult.
In the UK, building regulations introduced in 2002 prescribe the levels of ventilation required to maintain a healthy indoor environment. 33 Purpose provided ventilation (PPV) such as trickle vents and extract fans may be used to reach these minimum ventilation TA B L E 3 Geometric means and standard deviations for radon measurements grouped by independent home energy efficiency interventions 
| Strengths, limitations, and future work
The main strength of this study is that it uses empirical data from a large sample (470 689) of UK homes measured over a long period of time . It is the largest dataset of its kind and allows radon measurements from subsets of dwellings to be analyzed without the Comparisons between the full dataset (all dwellings) and different independent home energy efficiency measures applied. Lines of the best fitting log-normal distributions are shown for the data samples. DP, downdraft proofing; Glz, glazing; LI, loft insulation; WI, wall insulation In(Radon measurement) retrofit" sample used for base comparison. It is assumed that the majority of the homes in the "no recorded retrofit" sample have not had a HEE retrofit applied, which may be justified, since the average year in which radon measurements were made for these data sample is 1996 and HEE uptake did not become commonplace in the UK until the early 2000s. 18 While HEED is estimated to have captured the majority of HEE activity during the period in question, unreported 
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